Abstract: Distortion existence in output of power electronics DC-AC converters is inevitable. The amount of distortion in boosttype converters is higher than other types, which is difficult to mitigate. This study introduces a new modification of three-phase boost-inverters in order to mitigate excessive distortions. The compensation process is modified to take advantage of non-linear operation of boost converters and a differential connection of DC-DC converters is employed. Considering DC-AC boostinverter, it is shown that the outcomes are usually different from the expected desired waveforms. This is because of the nonlinear structure of the switching converter. Thus, a compensation method based on support vector regression (SVR) is proposed in a way that the desired waveforms appear at the output of the converter. Analysis and simulations are first introduced for defining the limitations of a boost-inverter because of the non-linear structure. Then, the simulated SVR applied to the external-layer control, comparing the effects of the suggested algorithm with those of the uncompensated cases. Furthermore, practical verification is taken place on an implemented 500 VA boost-inverter in order to confirm the proposed technique as well as theoretical analysis and simulations. The proposal is particularly useful when considering high penetration of inverter-based interfaces for renewable energy sources such as solar panels.
Introduction
The power electronic converters play an important role in many applications. In particular, the DC-AC converters are used in applications such as photovoltaic (PV) systems [1] [2] [3] [4] , uninterruptable power supplies and so on. Let us consider a PV system, with fixed magnitude and frequency, which can be utilised independently or in connection with a grid for power exchange. Thus, the needed converter has to boost the generated voltage by the PV and then convert it to AC (alternatively the AC output could be boosted). These two tasks (booster and DC-AC conversion) are controlled independently; each creates its own power losses. Surveying literatures shows some suggestions on combining these two independent controlled tasks, proposing topologies that perform simultaneously both the DC voltage level and DC/AC conversion [5] . The question, however, is that how the switching pulses should be arranged to generate a sinusoidal output voltage. In fact, the combined topology of these power circuits consists of three DC-DC boost converters (see Fig. 1a ) that are to deal with high amplitude 50/60 Hz time-variant waveforms. Choosing suitable inductance and capacitance for the boost circuit is difficult because of the time-varying characteristic. In addition, copper losses of the inductor winding severely reduce the gain of the boost converter, especially in big duty cycles [6] . Various modulating techniques were suggested for these combined converters in order to generate sinusoidal waveforms; for example, using adaptive control based on the state space equations [7] [8] [9] [10] . Although these complicated control techniques disregard the differential boost structure, this research intentionally concentrates on the differential structure in order to improve the performance in general.
This paper starts with an ideal differential boost-inverter, suggesting a simple formulation of pulse widths for generation of sinusoidal waveform. Then, copper loss of the inductance is taken into account to work out pulse widths in a more realistic state. Despite some improvements on the waveforms, still the output voltage is distorted. It is notable that even PI-controllers followed by various modulating techniques still lead to distorted output voltage because of the non-linear structure of converter. Further, to overcome the stated issue, a compensating technique is introduced based on the support vector regression (SVR) that enables the converter to create sinusoidal waveform. Also, it is suggested that the SVR-based technique can be applied to other converters in order to produce even much better quality waveforms. To assess the proposed solution, first the boost-inverter was simulated; simulation of the SVR-based compensation shows significant improvements compared with those of the uncompensated case. To put the suggestions on a firmer basis, a 500 VA boost-inverter were implemented. Practical outcomes verify the suggested compensating algorithm, demonstrating the capability of the proposal to be applied in practice.
Non-ideals of power electronics converters
Starting from a simple DC-DC boost-inverter, Fig. 1 compares the ideal characteristic with that of the copper losses included. It is evident that the resistance of the inductor has a dramatic influence on the conversion ratio of the boost under high duty cycles [11] . Conventionally, cascading two buck converters in differential connection mode is used very commonly because of the linear gain of the buck (controlled by the duty cycle) that reduces distortion of the output voltage. However, considering the non-ideal characteristic of the boost in Fig. 1b , a differential boost-inverter in Fig. 2 cannot easily generate sinusoidal voltage because of its non-linear dependence not only on the duty cycle but also on the load current as well as the inductor resistance. These examples show that achieving ideal sinusoidal output is practically inaccessible because of unavoidable parasitic resistances as well as switching effects. Even under very optimal design conditions, theoretical analysed output is unreachable. To put the subject on a firmer basis, a three-phase differential boost-inverter is implemented according to Fig. 2 in which the discussed matter can be fully inspected.
Differential pulse-width modulation technique for the three-phase boos-inverter
Assume the principal goal is to build up three phase-to-phase independent sinusoidal voltages at the load terminal of Fig. 2 . It is obvious that the gain of the boost converter starts from one when all the controllable switches are always off. Thus, each phase of the boost-inverter in Fig. 2 has a DC offset with respect to the negative pole of the battery (V aN , V bN and V cN ). Based on the gain of an ideal DC-DC boost converter; assume these voltages are modulated with the following duty cycles as follows
where D a , D b and D c are duty cycles for the three legs, V dc is the DC offset of each boost-inverters (that is the amplitude of the input source), and A is the amplitude of the sinusoidal voltages. Note that the boost-inverter voltages have always the same sign as V dc ; hence, A has to be added to keep this necessary condition. By differentiating any two boost voltages in (1), the line voltages of the load are obtained as follows
Therefore the phase-to-neutral voltages at the load are
These ideal outcomes can be achieved by calculating the three-phase duty cycles using (1) www.ietdl.org
In practice, since the inductor's resistance of the boost converter has a large impact on the conversion ratio, (4) is improved by considering the impact of inductor resistance. The proof of (5) is presented in the Appendix (see (5)) To verify and compare (4) with (5) in a three-phase boost-inverter, a series of simulations have been performed using SIMULINK. Fig. 3a illustrates calculated duty cycles (D) produced by (4) and (5) . Also, the resistance of the inductor makes the duty cycles in (5) different from (4) at high duty ratios. Three phase-to-neutral output voltages of the inverter, as a result of applying (4) and (5), are shown in Fig. 3b . The measured THD for these two voltages, modulated by (4) and (5), indicate large quantities of 14.7% and 16.5%, respectively.
Specifications of the implemented three-phase boost-inverter
A 500 VA, 12 V dc -24 V ac , 50 Hz boost-inverter was implemented according to Fig. 1 . This is used as a practical prototype for evaluating the performance of the suggested modulation technique. The power circuit includes a 12 V, 55 Ah batteries as the input dc voltage, V dc , three 200 μH, 10 A inductors, three 250 μF, 100 V capacitors and six IGBT switches (BUP314D). Drivers of the switches are fed through four isolated DC supplies, where the coupler TLP250 interfaces the microprocessor and the power circuit. A three-phase laboratory L-C set as the output filter and a three-phase laboratory R-L were used as the load. The microprocessor is the EZDSP TMS320F28335 that regulates pulse widths for the six switches using code composer. Fig. 4 shows the implemented boost-inverter described above.
Uncompensated output voltages of the boost-inverter
The calculated duty cycles, from both (4) and (5) in Fig. 3a , were programmed separately with CCSTUDIO on the EZDSPF28335 to drive the six switches of the boost-inverter. Output three phase-to-neutral voltages were recorded by the oscilloscope through serial port for the two uncompensated studied cases; voltage of three phase-to-neutral for each case is shown in Fig. 5a . Although the difference between (4) and (5) is considerable, both introduce significant distance from the desired case. It is clear that both output voltages are different from a pure sinusoidal waveform. Even the output voltages contain a DC component. To show the distortion content, Fig. 5b depicts the Fourier analysis of both output waveforms. Comparing experiments, the THD obtained by (4) and (5) shows higher harmonic content for (5) . Meanwhile, the impact of resistance in (5) can be compensated by increasing the offset A in (4).
Appling the PI-controller to the boost-inverter
In practice, to reduction the waveform's distortion, one may think of a PI-controller as a regulator of the output voltage of a converter at a certain reference root-mean-sequare (rms) value. This closed-loop PI-controller was also applied to the boost-inverter, both in simulation and practice, where Fig. 6a shows the applied PI-loop. Beside the simulations, the implemented boost-inverter was also programmed; the PI-controller was uploaded on the DSP in order to regulate Fig. 4 Implemented three-phase 500 VA boost-inverter for studying the compensation algorithm Fig. 6b . It can be seen that while the output voltage rms value is regulated at 15 V, both distortion and unbalance peak magnitude still remain in place at large.
Compensation of non-linear effects of converters
Both simulations and experiments show that uncompensated boost-inverter introduces a distorted output voltage, including unbalance peak magnitude according to Fig. 5 .
In the meantime, even conventional PI-controller was unable to eliminate unbalance peak magnitude and distortion. One question still remains to be answered; how a desired output can be generated through a switching converter by manipulating its modulated input [12] [13] [14] [15] [16] [17] [18] [19] . Before answering this question, let us raise an idea based on the above simulations and experiments. An ideal input, to an ideal converter delivers an ideal outcome. Also, an ideal input to a non-ideal converter provides a non-ideal outcome. Hence, as a preliminary idea, the input to the non-linear converter should be compensated in a way to obtain the desired output. To put the raised idea in practice, the SVR was studied that is briefly described in the following subsection.
Introduction to the SVR in brief
The field of machine learning is expanding in the last few years, and many new technologies are growing using these principles. Among the various existing algorithms, one of the most recognised is support vector machine (SVM) for classification and SVR, which permit the creation of systems which, after training from a series of examples, can successfully predict the output at an unseen location performing an operation known as induction.
Suppose we are given training data {(x 1 , y 1 ),…, (x N , y N )} , X × R, where X denotes the space of the input patterns (e.g. X = R d ). Our goal is to find a function f (x) that has at most ɛ deviation from the actually obtained targets y i for all the training data, and at the same time is as flat as possible. The form of estimated function by SVR is
where the non-linear function Φ(x) is a mapping from R d to so-called higher dimensional feature space F, ω is a weight vector to be identified in the function and b is a bias term. To calculate the weight vector ω, the following cost function should be minimised [20] minimise Q(v, j, j
6 j * i subject to
where γ is a prespecified value that controls the cost incurred by training errors and the slack variables, ξ i , ξ i * , are introduced to accommodate error on the input training set. With many reasonable choice of loss function, ζ, the solution will be characterised as the minimum of a convex function. Common procedure to solve the (7) is through production of the Kernel function and fined the Lagrange multipliers by using the quadratic-programming [20, 21] .
How to apply the SVR in practice as a compensator
The studied case of three-phase boost-inverter showed that suggested modulation techniques (4) and (5) generated distorted output voltage. To apply the SVR as the compensator, assume there is a relationship between the 'input pulse widths' and 'the output voltage'. Now, if a (4) and (5) a Phase-to-neutral output voltages b Fourier spectrum www.ietdl.org sinusoidal waveform is applied as the input to this relationship, then the output will be the required pulse widths. These resultant pulse widths can be applied to the boost-inverter to obtain the desired sinusoidal output voltage. In fact, one may concentrate on the desired output instead of directly working on duty cycles. To put the SVR in practice, a numerical relationship should be made between input and output data vectors. For example, let the boost-inverter case is operating under the modulation technique either (4) or (5). Since the output voltage is distorted non-sinusoidal (non-ideal output), this case is taken sample for a main cycle of equivalent sinusoidal waveform. Although more number of samples would be precious, the SVR can also relate input and output vectors with lower number of samples suitably. Let the samples of input vector is called X and samples of the output vector Y. Then, the SVR relates input to output by means of generating Kernel and finding the Lagrange multipliers. Having obtained this relationship, now the desired output of the boost-inverter (a pure sinusoidal waveform) is given as the second input to the SVR. Then, the output of the SVR will show the required pulse widths or duty cycles. These resultant pulses eventually are applied to the boost-inverter to generate a pure sinusoidal waveform. The whole procedure is shown in Fig. 7 . The cycle of compensation starts by feeding Y 0 to the boost-inverter. Then, outcomes from the boost-inverter (X) are fed to the SVR along with Y 0 in order to build up the Lagrange multipliers. At the same time, both X and its desired outcomes X′ are used to establish the Kernel [12] . Eventually, both the Kernel and Lagrange multipliers generate the compensated duty cycles. The first compensated duty cycles have to be fed as the new input pattern for the boost-inverter (Y 1 ); for further compensation stages (i > 1), however, this optional procedure is decided by the user to recognise the necessity of applying Y i to the boost-inverter (slashed-mark in Fig. 7) .
This can be named as the main feature of the proposed technique in which the compensating process could be reiterated several times by feeding the newly generated data as the input. This iterative process is shown in Fig. 7 , where increasing the number of iterations (more than two) enhances the quality of compensation. Meanwhile, it should be noted that both X and X′ along with their history (
) can be stored as many as required. However, various performed experiments show that increasing the number of historical cycles beyond three has insignificant impact on the quality of the outcomes.
Verification of the proposed compensator
To inspect the performance of the proposed compensator, the implemented boost-inverter was modulated with different techniques, and outcomes are compared correspondingly.
Applying (4) as the modulator to the boost converter
Initially, three inputs are applied to the proposed compensator including the modulator stated by (4) as Y 0 , the measured output voltages as X and the desired three-phase sinusoidal output voltages X′. The proposed compensator provides proper pulse widths as shown in Fig. 7. Fig. 8a compares the duty cycles modulated by the uncompensated (4) with those of the described compensating procedure. The resultant voltages of these techniques are compared in Fig. 8b . It is clear that the proposed compensator provides closer outputs to those of the ideal case, improving the quality of the output voltage significantly under the compensated proposal as shown in Fig. 8c. 
Applying (5) as the modulator to the boost-inverter
Similarly, the uncompensated modulation (5) can be compared with that of the proposed compensator as illustrated in Fig. 9 . Comparing Figs. 8b with 9b , it can be observed that inclusion of the resistance of the inductor has little impact on improving the quality of the output waveforms. In fact, other non-ideal factors such as voltage drop on diode and IGBT, resistance of capacitor and dead time in particular is excluded from (5). Thus, the main advantage of the proposed compensator is its independence from the undetermined parameters of the circuit in the compensation process.
Consecutive compensations
One significant advantage in the proposed compensation technique is the possibility of consecutive application of the resultant duty cycles to the SVR. In other words, a compensated system can be improved further by re-compensation. To achieve this purpose, the compensated outputs (see compensated duty cycles in Fig. 7) have to be taken sample again, and fed as a new input to the SVR. Consecutive compensation process has been repeated up to five times on the implemented boost-inverter. The best results were obtained from the second iteration. If the number of consecutive compensations is increased beyond two, then significant drop is observed in the quality of output voltages of the boost-inverter. Fig. 10 shows the results of two consecutive compensations.
Harmonic analysis
Here harmonic spectra are compared for all three discussed experiments as shown in Fig. 11 . The results indicate that twice consecutive compensation introduces the best THD for the output voltages of the boost-inverter, having the biggest fundamental component along with the smallest harmonics. Table 1 compares the THD of the output voltages both for simulations and experiments, verifying the proposed compensation approach.
In brief, a designed three-phase boost-converter, uploaded with the suggested compensator, has the following advantages and benefits in comparison with conventional converters (multi-stage converters (DC/DC along with DC/AC) as follows: † The compensated boost-converter provides both 'DC/AC conversion' and 'voltage boost' all in a single-stage. This is cheaper and more compact than conventional multi-stage converters, associating with neither switching devices with reverse voltage blocking capability nor power transformers. † There are no appropriate approaches for utilising uncompensated three-phase boost-inverters because of highly distorted output voltage. † Output voltages of three-phase boost-inverters are conventionally compensated by various approaches such as usual PI-controllers and advanced sliding-mode controllers (e. g. [3, 5] ); but, the output voltages still remain highly distorted. † The SVM-compensated three-phase boost-inverter is simpler and more affordable in comparison with classical multi-stage converters.
Online look-up table compensation
The compensating procedure (Fig. 7) is an off-line process, whereas the boost-inverter has to be modulated online Here an idea is expressed in order to apply the proposed compensation as an online process. Thus, first the SVR was applied to the implemented boost-inverter for a fixed R Load . Then, different R Load were applied to the proposed offline compensation of Fig. 7 , and the resultant duty cycles were stored in a compensating look-up table (CLT). For example, the load resistance R Load was varied from 1 to 20 Ω, where the step size was 1 Ω for the CLT.
The results for one power cycle per phase of the boost-inverter are shown in Fig. 12 . Consequently, tracking the load current can be made possible by storing the produced duty cycles on a simple EEPROM or a microcontroller. This is an economical way to mass production of converters.
Ratings of semi-conductor switches limit the maximum nominal load currents depending on different types of power electronic converters. The engaged laboratory test set was designed based on selecting switches that limit the maximum nominal load current to 25 A under 25 V (rms output voltage for each phase). Thus, here the minimum resistance of the load is 1 Ω. Just in case the load has to be < 1 Ω under 25 V, then this implies a bigger load current than 25 A. Hence, the ratings of the switches must be upgraded. Further, a new compensator (lookup table) should be re-run and uploaded to the microcontroller.
Conclusion
This paper concentrates on improving the performance of three-phase boost-inverters based on differential connection of DC/DC converters. First, a simple and efficient technique is applied for calculating the pulse widths based on differential connection of converters. Both ideal and non-ideal (considering the resistance of the inductor) are studied in the boost topology. These cases were equipped with the conventional PI-controller to track the rms value of output voltage. Both experiments and simulations show that still the observed waveforms are distorted. To overcome the distortion of waveforms, an SVR-based compensator is proposed to lower the harmonics content. A laboratory prototype of three-phase boost-inverter was designed and implemented in order to verify the performance of the proposed compensation algorithm in addition to the performed simulations. Both simulations and experiments confirm proper performance of the proposed compensating process, in particular, under twice consecutive compensations.
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